ABSTRACT Magnetic fields play a dominant role in the atmospheres of the Sun and other Sun-like stars. Outside sunspot regions, the photosphere of the so-called quiet Sun contains myriads of small-scale magnetic concentrations, with strengths ranging from the detection limit of ∼10
INTRODUCTION
The quiet-Sun magnetic field is traditionally thought of as being dominated by network concentrations. Around 90% of the magnetic flux in these concentrations originates from newly emerged small-scale bipolar pairs called ephemeral regions (Martin 1988) , which have a total flux ranging from ∼3 # to Mx and have a mean value of around 18 18 10 407 # 10 Mx. Network regions are located at sites of strong 18 11.3 # 10 downflow, usually at the confluence of several supergranule cells, and have typical strengths of 10 18 -10 19 Mx. The remaining 10% of the network flux comes from intranetwork concentrations (Livingston & Harvey 1975; Livi et al. 1985; Zirin 1987) , which are much weaker in strength (10 16 -10 18 Mx) and are short-lived.
By measuring the rate of emergence of ephemeral regions from full-disk Michelson Dopper Imager (MDI) magnetograms, it was found that the quiet-Sun photospheric flux is replaced every 14 hr (Hagenaar 2001) . This result highlighted the very dynamic nature of the field. However, in order to understand better the coupling between the magnetic flux contained within the photospheric concentrations and the magnetic field in the Sun's atmosphere, where many of the most energetic processes in the solar system occur, a similar measurement is urgently required for the flux in the solar corona. This is what we present here.
ANALYSIS
We analyze a 12.5 hr sequence of high-resolution, quiet-Sun magnetograms, each covering a Mm 2 square and 240 # 240 separated by 15 minutes, obtained with the MDI on board the Solar and Heliospheric Observatory. These images, as shown in Figure 1 , clearly reveal the complex dynamic nature of the quiet-Sun network fragments. Using the method of C. E. Parnell (2004, in preparation), discrete fragments are initially identified in each of the 50 magnetograms in turn (there are, on average, 286 fragments per magnetogram). Subsequent magnetograms are then compared in order to track the motions of individual fragments. Thus, the unique labels given to each fragment are projected temporally through the set of magnetograms. We extrapolate the magnetic field into the overlying corona (Fig. 2) by representing each concentration as a single point source that produces a potential field. Only the central Mm 2 region 80 # 80 of our model is studied in order to reduce the bias of edge effects.
The domain fluxes ( ) are related to the source fluxes
where M is an incidence matrix containing entries of zeros and ones that detail which sources are connected by the domains.
N D After calculating all domain fluxes from two successive extrapolations, separated in time by , the connectivity changes Dt are quantified as the domain-flux changes . Dw n A complication arises owing to the fact that concentrations may fragment or coalesce between frames (Schrijver et al. 1997 (Schrijver et al. , 1998 ; indeed, they may do both). In instances of fragmentation, changes in domain fluxes are estimated by assuming that each fragment gets a share of a given domain flux that is proportional to its size. When fragments merge, obtaining the change in flux of a given domain that connects the newly merged fragment to an opposite-polarity source p involves summing over any domains that linked the pre-mergence fragments to p.
However, care must be taken since the amount of flux in a given domain may change as a result of either (1) emergence or cancellation through the photosphere or (2) reconnection with flux from another domain. These two contributions, denoted by and , respectively, must sum to the observed S R n n change; i.e., .
Note that photospheric magnetic flux concentrations are observed to move with supergranular convection patterns toward (Schrijver et al. 1997; Weiss et al. 1996) . The connections of opposite-polarity regions can clearly be seen. A Monte Carlo method is used to quantify the coronal connectivity. Sample field lines, each representing a flux Mx, are traced from each source until they terminate at opposing sites of strong downflow, whereupon they move along supergranular boundaries. These motions undoubtedly lead to reconnection of coronal field lines, so that, even if emergence and cancellation were not recycling the photospheric field, continual remapping of field lines would still occur in the corona above. Thus, to determine the effect of reconnection alone, we must isolate the flux changes due to emergence or cancellation. S n In order to gauge the separate effects of the motions of the concentrations and the emergence and cancellation of flux (see Fig. 1 ), we consider two cases. To investigate the first effect, for each magnetogram pair, we average the fluxes of each source between the two frames such that for a fragment a, initially with flux in the first frame of the pair and flux in the second,
we adjust the fragment flux to in both frames. This
essentially prohibits emergence and cancellation occurring between frames (i.e., ), so that . As each domain
is either a "donor" or "receiver" of reconnected flux, then the total amount of reconnected flux is
The total flux in the system F is given by
It then follows that all field lines will be remapped after a time . For the sequence studied here, the total flux
Mx, the total amount of reconnected flux, , However, in the second case, we obtain an estimate for the change in domain fluxes due to emergence and cancellation. Changes in source fluxes are related to changes in domain DF a fluxes by
a a , n n a a , n n np1 np1
since the reconnection vector is in the null space of the R n incidence matrix. Starting from the premise that emergence and cancellation are likely to occur between the closest pairs of photospheric concentrations, if we know the change in flux of each concentration, it is possible to calculate a decomposition of all the and hence obtain , the change of flux in each DF S a n domain due to emergence and cancellation. This is done by initially identifying which pairs of sources are connected by photospheric domains. Thought of in terms of graph theory, where edges represent domains and vertices represent fragments, this represents a connected graph, which is a subgraph of the graph containing all domains, both photospheric and purely coronal. The graph is then reduced to a tree using T Prim's minimum spanning tree algorithm (Prim 1957 ; see also, e.g., Cormen et al. 2001 for a full description), subject to the minimization of the distance between connected fragments. A tree is a graph in which there is only one path connecting any pair of vertices (here sources), and a minimum spanning tree is essentially a tree in which the total "weight" of all the edges (here domains) is as low as possible. In this study, the weight of an edge (domain) is the distance between the pair of vertices (sources) connected by that edge. This tree has an incidence matrix defined as 
n n , a a ap1 is trivial (Longcope 2001; Longcope & Klapper 2002) . Note that this method requires complete flux balance, so a source at infinity is included in the tree. The distance between this D aϱ source and a source a is taken to be , where
is the maximum distance between any two sources, is D x max a the position of the source a, and is the centroid of all the x 0 sources. Thus, sources located toward the edge of the region are preferentially chosen as the sources through which infinity is included in the tree.
By considering all the , the total amount of flux that DF DS a emerges/cancels in the photosphere may be written as
(the is present since emergence/cancellation affects a positive Hagenaar et al. (2003) . However, using , an estimate for the time taken to recycle all S n coronal flux due to emergence and cancellation of flux may be obtained. As previously, an average quantity that accounts DS for either emergence or cancellation may be defined as
The time taken to recycle all coronal flux due to emergence and cancellation is then given by . Here
is Mx, giving a recycling time of just 2 hr. This 20 2.37 # 10 figure is much lower than the photospheric figure of 15 hr, since considering changes in domain fluxes due to emergence and cancellation, rather than changes in source fluxes, allows for scenarios where a domain may have its flux increased even though one (or both) of it sources witnesses a decrease in its flux (and vice versa); all that is required is that the sum of the changes in all the domains connected to that source is negative.
Changes in domain fluxes related to reconnection are given by subtracting the flux due to emergence/cancellation from each domain:
. Substituting this value for into R p Dw Ϫ S R n n n n equation (2) and using the resultant (which turns out to be DR Mx) in the expression give a time 20 3.42 # 10 t { Dt(F/DR) r of ∼1.4 hr for the remapping of coronal flux due to reconnection driven by motions and emergence/cancellation. Our calculation of the flux ( ) that has emerged or canceled S n in a given domain n linking a pair of sources can be larger than the observed net change in flux ( ) when , so Dw Dw 1 0 n n that the reconnected flux ( ) is of the opposite sign to R S n n (similarly, for , we sometimes find that ). This
implies that the field, initially assumed potential, reacts to emergence and cancellation of flux between frames by rearranging itself through the process of reconnection to a new equilibrium field (which we assume to be potential). This is reasonable since it would be unlikely that coronal domains simply swell from injection of flux without reconnection occurring. Thus, the changing of photospheric flux continuously drives reconnection in the corona, enabling the field to remain close to potential. Our model neglects the effects of internal motions of flux, caused by granular flows, that are unobservable in current magnetograms and occur within fragments (which have a finite geometrical extent). These would in turn cause more reconnection of field lines within domains and hence would reduce the recycling time further.
DISCUSSION AND CONCLUSIONS
We have presented several figures in this study regarding the dynamics of magnetic flux in the Sun's corona. Our calculations show that emergence and cancellation of flux in the photosphere has a profound effect on the corona, resulting in a coronal recycling time of only 2 hr. It was then calculated that when emergence and cancellation are absent, all coronal flux may be reconnected in just 3 hr. In the first scenario, the recycling process replaces old flux with new flux, whereas in the second scenario, all the original flux is still there after a recycling time and has merely changed its connections (i.e., field lines have had their footprints altered). However, a third, more complicated scenario was considered whereby emergence and cancellation, along with reconnection, contribute to supplanting coronal flux. This gives a coronal reconnection time of just 1.4 hr since a substantial amount of reconnection occurs in response to emergence and cancellation of flux.
The mean reconnection time for coronal flux that we have presented here will have a number of interesting applications in future. Indeed, our analysis may be extended to provide a distribution of energy release magnitudes for the solar corona, and it could also be adapted to show how reconnection in the quiet Sun may account for the background population of nonthermal electrons observed by RHESSI. Furthermore, the frequent reconnection episodes will most likely launch a spectrum of waves that are a necessary input to models of solar wind acceleration (e.g., Axford & McKenzie 2002) . Knowledge of the remapping rate of the coronal magnetic field may also be of relevance to studies of the anomalous diffusion of plasma through the corona and abundance variations. The free energy released by the regular reconnection events will undoubtedly lead to heating of coronal plasma. Several models have been proposed for how reconnection processes may lead to coronal heating (Priest et al. 1994 (Priest et al. , 2002 Priest & Titov 1996; Longcope 1996; Galsgaard et al. 2000 ). An assessment of the relative importance of the various models in the complex process of heating the corona require, along with observational evidence, knowledge of the frequency of the reconnection events and the quantity of magnetic flux involved. Future models could include statistics such as those presented here in order to demonstrate their various merits.
The picture that has emerged in recent years is one in which the small-scale mixed-polarity field, which at coarser resolutions is largely unseen owing to the effective canceling of flux from opposite polarities (this problem still persists in presentday magnetograms), is of vital importance to the enigma that is coronal heating.
For instance, while the study here only considers the effects of the network concentrations on the coronal field, a very recent theoretical study has suggested that intranetwork concentrations, rather than closing down entirely at low levels, actually make a significant contribution to the coronal field over quietSun regions. Indications show that as much as 50% of the coronal field over quiet-Sun regions may originate in weak intranetwork concentrations . The inclusion of such sources of flux would reduce both the photospheric and the coronal recycling times further still since the shorter lifetimes of intranetwork concentrations mean that they are emerging and canceling much more frequently than the network concentrations. However, this calculation is not currently possible since such small fragments are barely visible in current magnetograms.
